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ACC

:   acetyl‐CoA carboxylase α

ALP

:   alkaline phosphatase

EGR4

:   early growth response protein 4

EMT

:   epithelial‐mesenchymal transition

G6PD

:   glucose‐6‐phosphate dehydrogenase

GLUD1

:   glutamate dehydrogenase 1

GSH

:   glutathione

GSSG

:   oxidized glutathione

ME1

:   cytoplasmic malic enzyme

MTS

:   3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium

OSCC

:   oral squamous cell carcinoma

PKM

:   pyruvate kinase M

PPAR

:   peroxisome proliferator‐activated receptor

PPP

:   pentose phosphate pathway

S‐ODN

:   S‐oligodeoxynucleotide

TCA

:   tricarboxylic cycle

1. INTRODUCTION {#cas13594-sec-0001}
===============

In the USA, approximately 2%‐3% of malignant cancers are OSCCs;[1](#cas13594-bib-0001){ref-type="ref"} in Japan, the percentage is approximately 1%‐2%.[2](#cas13594-bib-0002){ref-type="ref"} The frequency of OSCC is increasing worldwide,[1](#cas13594-bib-0001){ref-type="ref"} and as society ages, OSCC‐related morbidity and mortality rates have also increased.[3](#cas13594-bib-0003){ref-type="ref"} Internationally, the OSCC incidence rate is high in countries with high tobacco use and alcohol consumption.[4](#cas13594-bib-0004){ref-type="ref"}, [5](#cas13594-bib-0005){ref-type="ref"}

Oral squamous cell carcinoma is commonly managed with multimodal regimens consisting of surgery, radiation, and chemotherapy in various combinations.[4](#cas13594-bib-0004){ref-type="ref"}, [6](#cas13594-bib-0006){ref-type="ref"} The 5‐year survival rate for patients with oral cancer is 60%‐70%. Cure rates are highest when oral cancers are treated at an early stage; conversely, late‐stage oral cancers have a poor prognosis.[7](#cas13594-bib-0007){ref-type="ref"}, [8](#cas13594-bib-0008){ref-type="ref"} Therefore, new molecular targets for effective drug treatment are needed.

When oxygen is present, most human cells convert lactate to carbon dioxide and usable energy through a mitochondria‐localized process termed oxidative phosphorylation.[9](#cas13594-bib-0009){ref-type="ref"}, [10](#cas13594-bib-0010){ref-type="ref"} The Warburg effect (ie, the rapid fermentation of glucose by tumors even in the presence of oxygen) was discovered by Otto Warburg.[11](#cas13594-bib-0011){ref-type="ref"}, [12](#cas13594-bib-0012){ref-type="ref"} Most cancer cells enhance glycolysis uncoupled with oxidative phosphorylation, even though glycolysis yields lower amounts of ATP from glucose than oxidative phosphorylation.[13](#cas13594-bib-0013){ref-type="ref"}

Cancer cells also often metabolize glutamine to produce enough intermediates (eg, lipids, nucleic acids, and amino acids) for construction of biological components.[14](#cas13594-bib-0014){ref-type="ref"} In normal human cells, glutamine is converted to α‐ketoglutarate, which enters the TCA cycle. Glutamine is used for ATP production and the synthesis of nucleic acid, lipids, and other amino acids.[15](#cas13594-bib-0015){ref-type="ref"}, [16](#cas13594-bib-0016){ref-type="ref"} Cytoplasmic ME1 decarboxylates malate to form pyruvate and ultimately NADPH.[17](#cas13594-bib-0017){ref-type="ref"} In cancer cells, pyruvate generated in this manner is utilized for lactate fermentation.[18](#cas13594-bib-0018){ref-type="ref"}, [19](#cas13594-bib-0019){ref-type="ref"} Because wild‐type p53 represses ME1 expression, ME1 overexpression is associated with cancers carrying mutated p53.[20](#cas13594-bib-0020){ref-type="ref"}

Epithelial‐mesenchymal transition has been strongly implicated in the disease progression and poor prognosis of head and neck squamous cell carcinomas.[21](#cas13594-bib-0021){ref-type="ref"} Epithelial‐mesenchymal transition is associated with decreased expression of epithelial cell‐cell adhesion molecules, such as E‐cadherin or claudin‐4, and increased expression of mesenchymal intermediate fiber, vimentin.

In this study, we examined the role of ME1 in OSCC. Malic enzyme 1 is thought to link energy metabolism, redox status, and EMT specifically in cancer and is a putative molecular target for OSCC treatment.

2. MATERIALS AND METHODS {#cas13594-sec-0002}
========================

2.1. Surgical specimens {#cas13594-sec-0003}
-----------------------

Surgical specimens from 46 primary OSCCs treated surgically at Nara Medical University Hospital (Kashihara, Japan) were randomly selected. Tumor stages and histological grades were determined by using the UICC\'s TNM classification system.[22](#cas13594-bib-0022){ref-type="ref"} The personal information of the consenting patients was anonymized by the personal information staff. All procedures were carried out in accordance with the Ethical Guidelines for Human Genome/Gene Research enacted by the Japanese Government and approved by the Ethics Committee of Nara Medical University (Approval No. 937).

2.2. Tissue arrays {#cas13594-sec-0004}
------------------

The OSCC tissue array slides were obtained from US Biomax (Rockville, MD, USA). Slides were immunostained with anti‐ME1 antibody (Abnova, Taipei City, Taiwan), and the association between clinicopathological parameters and ME1 expression levels was determined.

2.3. Immunohistochemistry {#cas13594-sec-0005}
-------------------------

Formalin‐fixed, paraffin‐embedded surgical specimens were cut into 4‐μm sections. Consecutive 4‐μm sections were immunohistochemically stained by using the immunoperoxidase technique described previously.[23](#cas13594-bib-0023){ref-type="ref"} The sections were incubated with 0.5 μg/mL anti‐ME1 antibody or anti‐p53 antibody (DO‐1; Santa‐Cruz Biotechnology, Santa Cruz, CA, USA) for 2.5 hour at room temperature. To enhance p53 immunoreactivity, the sections were boiled 3 times in a microwave oven for 15 minutes at 500 W. Secondary antibodies (Dako, Carpinteria, CA, USA) were applied for 1 hour. Tissue sections were color‐developed with diaminobenzidine hydrochloride (Dako) and counterstained with Meyer\'s hematoxylin (Sigma Chemical, St. Louis, MO, USA). Immunoreactivity was classified as weak (score 2‐3), moderate (score 4‐8), or strong (score 9‐12).[24](#cas13594-bib-0024){ref-type="ref"}

2.4. Cell culture and reagents {#cas13594-sec-0006}
------------------------------

The HSC3 cell line, which originated from a metastatic focus of a human tongue squamous cell carcinoma, was purchased from the Health Science Research Resources Bank (Osaka, Japan). HSC3 cells were maintained in DMEM containing 450 mg/dL glucose and 10% FBS in a 5% CO~2~ atmosphere at 37°C. These reagents were purchased from Dako (Osaka, Japan) as were glucose‐free DMEM and the ME inhibitor lanthanide (used at 1 μmol/L).[25](#cas13594-bib-0025){ref-type="ref"}, [26](#cas13594-bib-0026){ref-type="ref"} Mitochondria were stained with MitoGreen solution (Takara Bio, Kusatsu, Japan) and observed by fluorescence microscopy (Zeiss, Tokyo, Japan).

2.5. Cell proliferation and cell infiltration {#cas13594-sec-0007}
---------------------------------------------

To assess cell proliferation, cell numbers were determined by using an autocytometer, (CDA‐1000; Sysmex, Kobe, Japan). To assess cell infiltration, wound healing assays were carried out. The cell migration area was measured on digitally captured images. In some experiments, cells received lanthanide for 48 hour at 37°C.

2.6. Animal models {#cas13594-sec-0008}
------------------

Male 5‐week‐old BALB/cSlc‐nu/nu mice were purchased from Japan SLC (Shizuoka, Japan). The mice were maintained in accordance with the institutional guidelines approved by the Committee for Animal Experimentation of Nara Medical University and the current regulations and standards established by the Ministry of Health, Labor, and Welfare of Japan. Each experimental group contained 5 mice.

To prepare an s.c. tumor model, HSC3 cells (1 × 10^7^ cells) suspended in Hank\'s balanced salt solution (Sigma Chemical) were inoculated into the scapular s.c. tissue of the mice. Lanthanide (0.5 μmol/kg body weight in 200 μL PBS) was injected i.p. At week 4, the tumors were excised for assessment.

2.7. Antisense S‐ODN assay {#cas13594-sec-0009}
--------------------------

A 21‐mer S‐ODN antisense sequence corresponding to nucleotides 4‐24 of the *ME1* gene was synthesized and subsequently purified by reverse‐phase HPLC (Sigma‐Genosys, Ishikari, Japan). The antisense S‐ODN sequence was 5′‐GCG ACG GGG GGC TTC GGG CTC‐3′ (GenBank X77244.1). A mixed‐sequence 21‐mer S‐ODN was used as the control. Cells were pretreated with 6 mol/L antisense or mixed S‐ODN for 48 hour before additional manipulations were performed.

2.8. Cell proliferation assays {#cas13594-sec-0010}
------------------------------

Proliferation assays using MTS were carried out by using a Celltiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega Biosciences, San Louis Obispo, CA, USA). The plates were read on a multiscan FC microplate photometer at 490 nm. The MTS value in cells cultured with the control oligonucleotide was used as the control.

2.9. Determination of lactate and GSH/GSSG concentrations and ALP activity {#cas13594-sec-0011}
--------------------------------------------------------------------------

Concentrations of lactate and GSH/GSSG were determined by using a D‐Lactate Assay kit (Cayman Chemical, Ann Arbor, Michigan, USA), and a GSG/GSSG Ratio Detection kit (Abcam, Cambridge, MA, USA), respectively. The ALP activity was determined by using a LabAssay ALP kit (Wako).

2.10. Reverse transcription‐PCR {#cas13594-sec-0012}
-------------------------------

Total RNA (1 μg) was used for synthesizing cDNA by using a ReverTra Ace quantitative PCR RT kit (Toyobo, Osaka, Japan). Polymerase chain reaction was carried out as specified by the provider. The PCR products were electrophoresed on 2% agarose gels and visualized by using ethidium bromide. The primer sets are listed in Table [1](#cas13594-tbl-0001){ref-type="table-wrap"}. Primers were synthesized by Sigma‐Genosys.

###### 

Sequences of RT‐PCR primers used in this study

          Forward                Reverse                GenBank accession no.
  ------- ---------------------- ---------------------- ----------------------------
  ME1     ggattgcacacctgattgtg   tcttcatgttcatgggcaaa   [NM_002395.5](NM_002395.5)
  ECD     tgcccagaaaatgaaaaagg   gtgtatgtggcaatgcgttc   [Z13009.1](Z13009.1)
  CLDN4   ctccatggggctacaggtaa   agcagcgagtcgtacacctt   [NM_001305.4](NM_001305.4)
  SNAIL   accccacatccttctcactg   tacaaaaacccacgcagaca   [NM_005985.3](NM_005985.3)
  VIM     gagaactttgccgttgaagc   tccagcagcttcctgtaggt   [NM_003380.3](NM_003380.3)
  PKM     ctatcctctggaggctgtgc   ccagacttggtgaggacgat   [BC012811.2](BC012811.2)
  G6PD    gaggccgtgtacaccaagat   agcagtggggtgaaaatacg   [NM_000402.4](NM_000402.4)
  ACC     accaccaatgccaaagtagc   ctgcaggttctcaatgcaaa   [NM_198834.2](NM_198834.2)
  GLUD1   gaatccatggacgcatctct   tcccatcagactcaccaaca   [NM_005271.4](NM_005271.4)
  CD44    aaggtggagcaaacacaacc   agctttttcttctgcccaca   [FJ216964.1](FJ216964.1)
  ACTB    ggacttcgagcaagagatgg   agcactgtgttggcgtacag   [NM_001101.3](NM_001101.3)

John Wiley & Sons, Ltd

2.11. Statistical analysis {#cas13594-sec-0013}
--------------------------

Statistical significance was assessed by using the chi square‐test and Student\'s *t*‐test with the assumption of Gaussian distribution according to the Kolmogorov and Smirnov method. Analyses were carried out by using InStat software (GraphPad, Los Angeles, CA, USA). Survival curves were calculated by using a Kaplan‐Meier model (StatView 4.5; Abacus Concepts, Berkeley, CA, USA). Differences in survival times were calculated by using the Cox proportional hazard model (StatView 4.5). Statistical significance was defined as *P* \< .05.

3. RESULTS {#cas13594-sec-0014}
==========

3.1. Expression of ME1 in OSCC and relationship with p53 expression {#cas13594-sec-0015}
-------------------------------------------------------------------

Expression of ME1 was examined in samples from 119 cases of OSCC by immunohistochemistry (Figure [1](#cas13594-fig-0001){ref-type="fig"}A‐F). In non‐cancerous squamous epithelium, ME1 expression was barely detectable (Figure [1](#cas13594-fig-0001){ref-type="fig"}A). In cancerous regions (Figure [1](#cas13594-fig-0001){ref-type="fig"}B‐F), ME1 was expressed in the cytoplasm in various patterns. Some samples showed marked intratumoral heterogeneity (Figure [1](#cas13594-fig-0001){ref-type="fig"}E,F).

![Expression of malic enzyme (ME1) in oral squamous cell carcinoma (OSCC) tissue sections.A‐F, ME1 expression was determined by immunohistochemistry. A, Expression "weak" in the non‐cancerous mucosa. B, Expression "moderate" in a G1/pT1/pN0 OSCC. C, Expression "weak" in a G2/pT1/pN0 OSCC. D, Expression "strong" in a G1/pT2/pN1 OSCC. E, Expression "strong" in a G2/pT3/N2 OSCC. F, Lymphatic vessel (Ly) infiltration of the same OSCC as in panel E. (G,H) Comparison of ME1 (G) and p53 (H) expression in the same histological OSCC tissue section. Bar = 50 μm](CAS-109-2036-g001){#cas13594-fig-0001}

The expression of ME1 and p53 proteins was determined by immunohistochemistry in the same histological sections. As shown by the representative data in Figure [1](#cas13594-fig-0001){ref-type="fig"}(G,H), ME1‐positive immunoreaction was found in the cancer cells different from p53‐positive cancer cells. Thus there was no relationship between p53 expression and ME1 expression in the 37 OSCCs examined.

3.2. Relationship between ME1 expression and clinicopathological parameters in OSCC {#cas13594-sec-0016}
-----------------------------------------------------------------------------------

Examination of 119 OSCCs showed that ME1 expression significantly correlated with T‐factor, N‐factor, and clinical stage (Table [2](#cas13594-tbl-0002){ref-type="table-wrap"}). As the cancers progressed, the expression of ME1 increased. In terms of histological grade, ME1 expression was higher in well‐differentiated OSCCs than in OSCCs with high‐grade histology.

###### 

Relationship between malic enzyme I (ME1) expression and clinicopathological parameters in oral squamous cell carcinoma

                   ME1 expression   *P*‐value             
  ---------------- ---------------- ----------- ---- ---- ---------
  T‐factor                                                
  pT1              21               17          3    1    
  pT2              56               30          16   10   
  pT3‐4            42               11          15   16   \<.0001
  N‐factor                                                
  pN0              73               49          21   3    
  pN1‐2            46               15          13   18   .0007
  Stage                                                   
  I‐II             73               44          6    6    
  III‐IV           46               36          15   12   .0436
  Grade                                                   
  G1               54               25          11   18   
  G2               41               27          10   4    
  G3               24               10          10   4    .0206
  Recurrence                                              
  Negative         24               14          4    6    
  Positive         13               8           3    2    NS
  p53 expression                                          
  Negative         29               19          5    5    
  Positive         6                3           2    3    NS

Tumor stages and histological grades were determined according to the UICC TNM classification system.[22](#cas13594-bib-0022){ref-type="ref"} NS, not significant.

John Wiley & Sons, Ltd

3.3. Relationship between ME1 expression and disease prognosis in OSCC {#cas13594-sec-0017}
----------------------------------------------------------------------

Although unrelated to tumor recurrence (Table [2](#cas13594-tbl-0002){ref-type="table-wrap"}), ME1 expression significantly correlated with the patient\'s prognosis (Table [3](#cas13594-tbl-0003){ref-type="table-wrap"}). In a follow‐up study of 37 OSCC patients, 1 of 22 (5%) with ME1 weak expression died, whereas 4 of 15 (27%) with moderate to strong ME1 expression died. Mean survival time was also shorter in patients with moderate to strong ME1 expression than in those with weak ME1 expression. A survival analysis using the Kaplan‐Meier method showed that patients with moderate to strong ME1 expression had significantly worse prognosis than did those with weak ME1 expression (Figure [2](#cas13594-fig-0002){ref-type="fig"}).

###### 

Relationship between the expression of malic enzyme 1 (ME1) and mortality and survival time in patients with oral squamous cell carcinoma (n = 37)

                          ME1 expression   *P*‐value    
  ----------------------- ---------------- ------------ -------
  Mortality               1/22 (5%)        4/15 (27%)   NS
  Mean survival, months   52 ± 16          37 ± 20      .0443

NS, not significant.

John Wiley & Sons, Ltd

![Survival of oral squamous cell carcinoma (OSCC) patients. The overall survival rates of 37 OSCC patients were calculated by using the Kaplan‐Meier method. There was a significant difference in the survival rates of patients with moderate or strong vs weak malic enzyme 1 expression (*P* \< .001)](CAS-109-2036-g002){#cas13594-fig-0002}

3.4. Effect of ME1 knockdown on proliferation and ME1 inactivation on motility {#cas13594-sec-0018}
------------------------------------------------------------------------------

Knockdown of ME1 inhibited the proliferation of HSC3 cells in medium containing 100 or 200 (but not 0 or 450) mg/dL glucose (Figure [3](#cas13594-fig-0003){ref-type="fig"}A). In a wound healing assay, the HSC3 cell‐covered area of the wound was decreased to 38% from 85% by treatment with ME inhibitor lanthanide (Figure [3](#cas13594-fig-0003){ref-type="fig"}B). Lanthanide treatment inhibited invasion of HSC3 cells into a type IV collagen‐coated membrane by 52% as determined in an in vitro invasion assay (Figure [3](#cas13594-fig-0003){ref-type="fig"}C).

![Effect of malic enzyme 1 (ME1) depletion or inactivation in HSC3 cells. A, Cell counts of cultures incubated in medium containing different concentrations of glucose after pretreatment with control (Cont) or antisense ME1 S‐oligodeoxynucleotide (S‐ODN). B, Wound healing assay in cells treated with the ME1 inhibitor lanthanide (1 μmol/L) for 48 hour. The yellow lines indicate the wounded area. Designated numbers were the area (%) covered with cells. Bar = 50 μm. C, Lanthanide‐treated HSC3 cells were subjected to in vitro invasion assay using type IV collagen‐coated insert. Numbers of invading cells into collagen membrane were measured after 48 hour. D, Western blot analysis of ME1 and mitochondrial malic enzyme (ME2) in cells treated with control (Cont.) or antisense ME1 S‐ODN. E,F, Levels of epithelial‐mesenchymal transition‐ and energy production‐associated proteins were examined by Western blot. β‐Actin (ACTB) served as an internal control. Error bars indicate SD (Student\'s *t*‐test) from 3 independent experiments. ACC, acetyl‐CoA carboxylase α; CLDN4, claudin‐4; G6PD, glucose‐6‐phosphate dehydrogenase; GLUD1, glutamate dehydrogenase 1; PKM, pyruvate kinase M; VIM, vimentin](CAS-109-2036-g003){#cas13594-fig-0003}

3.5. Effect of ME1 knockdown on the EMT and energy metabolism {#cas13594-sec-0019}
-------------------------------------------------------------

Western blot analysis confirmed antisense S‐ODN‐mediated depletion of ME1 protein but not mitochondrial malic enzyme protein (Figure [3](#cas13594-fig-0003){ref-type="fig"}D). Knockdown of ME1 altered the expression of EMT‐associated gene products in HSC3 cells: E‐cadherin and claudin‐4 mRNA levels increased, and snail and vimentin protein levels decreased (Figure [3](#cas13594-fig-0003){ref-type="fig"}E).

Knockdown of ME1 increased the protein levels of PKM (glycolysis), G6PD (PPP), and ACC (TCA), whereas those of GLUD1 (glutaminolysis) were not altered (Figure [3](#cas13594-fig-0003){ref-type="fig"}F).[27](#cas13594-bib-0027){ref-type="ref"}

3.6. Effect of ME1 knockdown on stemness {#cas13594-sec-0020}
----------------------------------------

Knockdown of ME1 suppressed (by 25%) ALP activity, which is a marker of stem cell activity[28](#cas13594-bib-0028){ref-type="ref"} (Figure [4](#cas13594-fig-0004){ref-type="fig"}A). Inversely, glutamine loading (8 μmol/L) increased ALP activity (by 48%) compared to the normal glutamine concentration (4 μmol/L). Malic enzyme 1 knockdown also decreased mRNA expression of CD44 and nanog, whereas glutamine loading increased CD44 and nanog mRNAs (Figure [4](#cas13594-fig-0004){ref-type="fig"}B). In Figure [4](#cas13594-fig-0004){ref-type="fig"}(C), protein levels of CD44, nanog, and CD133 were decreased in ME1‐knockdown HSC3 cells, whereas they were increased in Avon‐loaded HSC3 cells. These findings link ME1 and the glutamine metabolism to cancer cell stemness.

![Effect of malic enzyme 1 (ME1) depletion on stemness in HSC3 cells. A, Alkaline phosphatase (ALP) activity in cells receiving control (Cont.) or antisense ME1 S‐ODN or treatment with 4 or 8 μmol/L glutamine (Gln). Error bars indicate SD (Student\'s *t*‐test) from 3 independent experiments. B, mRNA levels of CD44 and nanog in cells treated with control (Cont.) or antisense ME1 S‐ODN, or 4 or 8 μmol/L Gln. C, Protein levels of CD44, nanog, and CD133 in CD44 mRNA in cells receiving control (Cont.) or antisense ME1 S‐ODN, or 4 or 8 μmol/L Gln. Tubulin served as an internal control](CAS-109-2036-g004){#cas13594-fig-0004}

3.7. Effect of ME1 knockdown on energy production {#cas13594-sec-0021}
-------------------------------------------------

Malic enzyme 1 plays a key role in generating pyruvate from amino acids for enhanced non‐mitochondrial energy production. We examined the effect of glucose and glutamine on lactate production in HSC3 cells with ME1 knockdown. Knockdown of ME1 inhibited cell proliferation and lactate production, especially in glucose‐free conditions (Figure [5](#cas13594-fig-0005){ref-type="fig"}A). Knockdown of ME1 abrogated the promotion of growth and lactate production by glutamine addition. This finding suggests that HSC3 cells use ME1‐generated pyruvate, rather than glycolysis‐generated pyruvate, for lactate fermentation in the absence of glucose. Hence, ME1 depletion might suppress pyruvate production and lactate fermentation in glucose‐free conditions, in turn increasing the amount of energy generated by the TCA cycle and oxidative phosphorylation.

![Relationship between malic enzyme 1 (ME1) expression and lactate fermentation. A, HSC3 cells were incubated in medium containing the indicated concentrations of glucose (Glc) (mg/dL) and glutamine (Gln) (μmol/L) and either control (C) or ME1 (ME) antisense S‐oligonucleotide (S‐ODN) (both at 6 μmol/L) for 48 hour. Cell numbers and lactate production were determined and expressed as percent control. B, Cells were treated as in panel A. The glutathione ratio (GSH%; GSH/GSH + oxidized glutathione) was determined. C, Mitochondrial area was determined by using MitoGreen in cells treated with control (C) or antisense ME1 (ME) S‐ODN. Mitochondrial area is presented as the percentage of luminescence intensity. Bar = 50 μmol/L. Error bars (Student\'s *t*‐test) show SD](CAS-109-2036-g005){#cas13594-fig-0005}

3.8. Effect of ME1 knockdown on redox status {#cas13594-sec-0022}
--------------------------------------------

For assessing the effect of shifting energy metabolism on the redox state, we determined the GSH/GSSG ratio (GSH%) in ME1‐depleted HSC3 cells (Figure [5](#cas13594-fig-0005){ref-type="fig"}B). The GSH% was higher when glucose was present, compared with glucose‐free conditions. Knockdown of ME1 decreased the GSH% regardless of glucose concentration. Thus, ME1 knockdown enhanced the oxidative stress in HSC3 cells. Malic enzyme 1 knockdown also increased the mitochondrial area by 90% (Figure [5](#cas13594-fig-0005){ref-type="fig"}C).

3.9. Effect of ME1 inactivation on tumor growth in an animal model {#cas13594-sec-0023}
------------------------------------------------------------------

We finally examined the effects of ME1 inactivation on tumor growth. Lanthanide (0.5 μmol/kg body weight, injected i.p. 8 times at 2‐day intervals) suppressed tumor growth by 45% (Figure [6](#cas13594-fig-0006){ref-type="fig"}A). It also improved survival: the mortality rate decreased from 100% (5/5 mice) to 60% (3/5 mice) (Figure [6](#cas13594-fig-0006){ref-type="fig"}B), and the 50% survival period increased from 28 days to 39 days during the 40 days of observation. In Figure [6](#cas13594-fig-0006){ref-type="fig"}(C‐G), MIB1 positivity (cell proliferation), lactate concentration, CD44 mRNA expression (stemness), and the vimentin/E‐cadherin mRNA ratio (EMT) were reduced in the tumor tissue of lanthanide‐treated mice compared with control mice, whereas the GSH/GSSG ratio (oxidative phosphorylation‐associated oxidative stress) was increased.

![Effect of lanthanide on the growth of HSC3 cell‐produced s.c. tumors in nude mice. A, Mice were inoculated with 1 × 10^7^ HSC3 cells and i.p. injected with lanthanide (LnCl~3~) (0.5 μmol/kg body weight) or PBS (control) 8 times at 2‐day intervals. Tumor diameter was measured. Each group included 5 mice. B, Mice were treated as in panel A. Survival curves were generated by using the Kaplan‐Meier method. Each group included 5 mice. C‐G, Mice were treated as in panel A, and the indicated parameters were measured in the tumor tissue of mice killed at week 3. C, Proliferative status was determined by MIB1 immunohistochemistry. D, Lactate fermentation was assessed by measuring lactate concentrations. E, Redox status was assessed by determining glutathione/oxidized glutathione (GTH/GSSG) ratios. F, Stemness was assessed by measuring CD44 mRNA levels. G, As an indicator of the epithelial‐mesenchymal transition, the vimentin/E‐cadherin mRNA ratio (Vim/ECD) was determined. Error bars (Student\'s *t*‐test) show SD (n = 5)](CAS-109-2036-g006){#cas13594-fig-0006}

4. DISCUSSION {#cas13594-sec-0024}
=============

Malic enzyme 1, also known as cytosolic NADP^+^‐dependent malic enzyme and malate dehydrogenase,[29](#cas13594-bib-0029){ref-type="ref"} is a multifunctional protein that links the glycolytic and citric acid cycles. Interestingly, it is encoded by one of the Bach‐1‐targeted genes, which mediates responses to oxidative stress.[30](#cas13594-bib-0030){ref-type="ref"} Although ME1 is important for NADPH production, glutamine metabolism, and lipogenesis,[31](#cas13594-bib-0031){ref-type="ref"} its role in cancer is unclear. Our data suggest that ME1 promotes cancer progression by altering metabolism and stemness and subsequently increasing tumor growth and invasion. Consistent with abrogation of the EMT, ME1 depletion increased E‐cadherin and claudin‐4 mRNA levels and decreased SNAIL and vimentin mRNA levels in HSC3 cells. Similar results were obtained in lanthanide‐treated mice with HSC3 cell‐induced tumors. We also found that ME1 expression correlated with disease progression, dedifferentiation, and shorter survival times in OSCC.

Several observations suggest that ME1 is a relevant therapeutic target. First, ME1 plays a role in acquisition of EMT phenotype through the PPAR signaling pathway, which upregulates yes‐associated protein and tafazzin.[32](#cas13594-bib-0032){ref-type="ref"} Yes‐associated protein and tafazzin interacts with Snail/Slug to control stem cell function and expression of the mesenchymal phenotype.[33](#cas13594-bib-0033){ref-type="ref"} Second, ME1 reduces the antitumor effects of radiation.[34](#cas13594-bib-0034){ref-type="ref"} Third, hepatocellular carcinomas overexpressing ME1 have reduced overall and progression‐free survival rates compared with those with normal ME1 levels.[31](#cas13594-bib-0031){ref-type="ref"} Finally, as shown here, ME1 expression correlated with disease progression, dedifferentiation, and shorter survival times in OSCC.

Repression of ME1 expression by wild‐type p53 has been reported, as has ME1 overexpression in cells expressing mutant p53.[20](#cas13594-bib-0020){ref-type="ref"} Our immunohistochemical data showed no connection between the expression of these proteins in cell‐based observations; however, owing to the limits of immunohistochemical analysis, p53 involvement in ME1 expression in OSCC cannot be entirely excluded. Malic enzyme 1 expression has also been linked to EMT‐associated *KRAS* mutations.[31](#cas13594-bib-0031){ref-type="ref"} Mutant K‐Ras upregulates ME1 in hepatocellular carcinomas[31](#cas13594-bib-0031){ref-type="ref"} and induces radiation resistance in non‐small‐cell lung cancers.[35](#cas13594-bib-0035){ref-type="ref"} *KRAS*, however, is not mutated in HSC3 cells. Other regulators of ME1 expression include the canonical wnt signaling pathway in breast cancers,[36](#cas13594-bib-0036){ref-type="ref"} a high‐fat diet in the intestinal epithelium and hepatocytes,[37](#cas13594-bib-0037){ref-type="ref"} and PPAR/EGR4.[32](#cas13594-bib-0032){ref-type="ref"} Although a high‐fat diet and PPAR‐EGR4 contribute to lipogenesis, upregulation of ME1 did not induce lipogenesis in HSC3 cells (data not shown). Positive feedback regulation of ME1 expression by redox status is also possible, and further investigation of the mechanisms underlying ME1 expression is warranted.

In the present study, ME1 knockdown inhibited cell proliferation, especially at low glucose and glutamine concentrations. It also upregulated the expression of PKM, G6PD, and ACC mRNA and decreased the expression of GLUD1 mRNA. As ME1 is responsible for NADPH production and the malate to pyruvate conversion, it might activate glycolysis and the PPP through a positive feedback mechanism. In support of a switch from aerobic glycolysis and lactate fermentation to mitochondrial oxidative phosphorylation, ME1 knockdown also increased mitochondrial area and decreased lactate production in our study. The increase of oxidative phosphorylation is thought to increase mitochondrial volume. Zheng et al[38](#cas13594-bib-0038){ref-type="ref"} observed high glucose incorporation and PPP activity in ME1‐depleted nasopharyngeal carcinoma cells, but no obvious changes in glycolysis or oxidative phosphorylation. The discrepancy between these findings and ours could reflect differences in the usage of glutamine as the energy source. In the study reported herein, lowering the glutamine concentration inhibited the proliferation of HSC3 cells, whereas raising the glutamine concentration increased the proliferative capacity of control but not ME1‐depleted HSC3 cells in glucose‐free medium. This observation suggests that glutamine use is upregulated in HSC3 cells and is in agreement with our previous finding of glutamine addiction in cancer cells.[14](#cas13594-bib-0014){ref-type="ref"}

Malic enzyme 1 is involved in redox control, as confirmed by our data. Knockdown of ME1 increased the NADP/NADPH ratio and decreased the GSH/GSSG ratio in H3C3 cells, indicating that ME1 maintains a reductive state. A feedback reaction might increase the activity of the PPP but not the glutaminolysis pathway, which would suggest that redox dysregulation is insufficiently compensated by ME1 knockdown. In previous studies, ME1 depletion decreased tolerance to low‐glucose conditions[38](#cas13594-bib-0038){ref-type="ref"} and enhanced radiation‐induced growth inhibition,[34](#cas13594-bib-0034){ref-type="ref"} largely by increasing the abundance of reactive oxygen species. The possible switching of energy production from aerobic glycolysis to oxidative phosphorylation might increase reactive oxygen species production in mitochondria.[39](#cas13594-bib-0039){ref-type="ref"}

In conclusion, our findings suggest that ME1 enhances the progression of OSCCs by increasing lactate fermentation, maintaining redox status, and promoting stemness and the EMT. The antitumor effect of ME1 inactivation in a mouse model indicates that ME1 is a relevant target for molecular therapy in OSCC.
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